Plasmodium falciparum, the causative agent of malaria, completely remodels the infected human erythrocyte to acquire nutrients and to evade the immune system. For this process, the parasite exports more than 10% of all its proteins into the host cell cytosol, including the major virulence factor PfEMP1 (P. falciparum erythrocyte surface protein 1). This unusual protein trafficking system involves long-known parasitederived membranous structures in the host cell cytosol, called Maurer's clefts. However, the genesis, role, and function of Maurer's clefts remain elusive. Similarly unclear is how proteins are sorted and how they are transported to and from these structures. Recent years have seen a large increase of knowledge but, as yet, no functional model has been established. In this perspective we review the most important findings and conclude with potential possibilities to shed light into the enigma of Maurer's clefts. Understanding the mechanism and function of these structures, as well as their involvement in protein export in P. falciparum, might lead to innovative control strategies and might give us a handle with which to help to eliminate this deadly parasite.
Since Charles Louis Alphonse Laveran discovered the malaria parasite in 1881 (1) in Algeria, while examining the blood of a patient who had died from marsh fever, research has been conducted on these deadly parasites. Laveran received the Nobel Prize in medicine for his discovery in 1907, which causally explained that malaria symptoms are caused by protozoan parasites, eventually described as Plasmodium species of the phylum Apicomplexa. Among the five species infecting humans, Plasmodium falciparum causes the most lethal forms of the disease, but zoonotic Plasmodium knowlesi infections can also be lethal.
Plasmodium falciparum and Its Exceptional Host Cell
During the complex life cycle, all morbidity is linked only to the intraerythrocytic cycles. Sporozoites injected by an infected Anopheline mosquito are carried to the liver, invade hepatocytes, and multiply asexually. Subsequently, merozoites are released to invade erythrocytes to start multiple rounds of the vicious 48-h life cycle in which another schizogony takes place until rupture of the host cell and release of new merozoites. The intracellular habitat and the lack of a major histocompatibility complex in the erythrocyte provide an ideal hideaway in which the parasite can ensconce itself. This hideaway in turn presents the parasite with exceptional difficulties because the terminally differentiated and metabolically highly reduced erythrocyte provides no machinery for protein or lipid synthesis and transport. In fact, the host cell provides very little to the parasite except a major source of nutrient, hemoglobin, which also is limited. Plasmodium digests hemoglobin, which lacks the amino acid isoleucine, and provides a very limited source of cysteine, glutamate, methionine, proline, and tyrosine (2) (3) (4) . Thus, just to survive, the parasite remarkably must remodel its host cell.
Remodeling to Make the Home Habitable
In the early hours after erythrocyte invasion the parasite, embedded in a parasitophorous vacuole, induces dramatic host cell modifications already noticed first by Marchiafava and Celli (5) , and then in more detail by Maurer (6) and Schüffner (7) , the latter with the Tertian-parasite (most probably Plasmodium vivax). These extensive reconstructions are facilitated by the export of at least 10% of all proteins of P. falciparum (8) . Now, over 130 y after the description of Marchifava and Celli (5), a function can be assigned for only a few proteins exported to selective sites in the erythrocyte cytosol or membrane. Proteins transported beyond the parasite's confines are translocated across the parasite plasma membrane, the parasitophorous vacuolar membrane (PVM), and in certain cases inserted into the erythrocyte membrane. Protein insertion and cytoskeleton interaction seems to lead to increased permeability of the erythrocyte plasma membrane, facilitating nutrient uptake as has recently been shown with the Plasmodium surface anion channel (PSAC), consisting of members of the cytoadherence linked antigen (CLAG) protein family (9, 10). As a consequence, erythrocyte rigidity increases and deformability decreases dramatically (11, 12) , and the previously very flexible and heavily deformable erythrocyte can no longer penetrate slits much smaller than the actual size of the cell as required for splenic passage (13) .
Consequently, a few hours after the cell is infected, electron-dense protrusions appear on the surface of the host cell forming the anchor for the erythrocyte surface protein 1 (PfEMP1). This large protein is considered to be the major or sole virulence factor in tropica malaria and mediates cytoadherence and sequestration of late-stage-infected erythrocytes in deep tissues, avoiding passage through the spleen (14) (15) (16) . Hence, PfEMP1 plays a key role in the pathology of falciparum malaria and displays different binding phenotypes, most probably corresponding to tissue-specific sequestration in different organs. In turn, exposure on the erythrocyte surface triggers antibody-dependent immune responses in which semi-immunity of exposed individuals is rooted. In a typical "arms race" the parasite circumvents elimination by the immune system through antigenic variation, exclusively expressing one of many PfEMP1 variants at any specific time point (17) . Thus, again, export and trafficking of proteins into the host cell cytosol are key for parasite survival, chronic infections, and pathology of malaria.
In this light, the appearance of Golgi-like membranous structures in the cytosol of the host cell, already described as "stippling" by Maurer-the Maurer's clefts-become critically important. These structures play a crucial role in the refurbishment of the host cell, and most proteins destined to the surface, like PfEMP1, transiently localize to these structures. In the past, an increasing number of Maurer's cleft resident proteins have been identified; still, we know little of the function of Maurer's clefts nor of their creation or origin, and least about their dynamics and fate during the intraerythrocytic cycle. In the following, we discuss the current knowledge on the enigma described first by Maurer, in the context of their importance in parasite survival and the dependence of successful remodeling the host cell. Finally, we believe that these modification processes could provide potential targets for new malaria intervention strategies.
Maurer's Clefts Morphology
Already in 1902, Maurer described spots beyond the parasite's confines in the red blood cells inhabited by older ring stages of P. falciparum (6) when stained with alkaline methylene blue. Maurer observed various numbers of spots from very small up to 1 μm. These spots appear during growth of the parasite and were considered sufficient for the diagnosis of malaria perniciosa, today malaria tropica. His explanations of these spots differed from what we know today.
Maurer proposed them to be a "change or loss in substance" (e.g., hemoglobin) on the surface of the erythrocyte as a consequence of parasite attacks, which it undertakes to adhere onto the cell and acquire nutrients. In short, the spots were injuries of the host. In those days it was believed that the parasite lived on the erythrocyte and only older stages were intracellular (Fig. 1) . Today we know much more about the shape, appearance, and structure of these clefts but still know little of their origin or their precise function. Moreover, we know virtually nothing about similar structures described by Schüffner in P. vivax (7) . It is startling that after more than 100 years of research our knowledge is so sparse regarding organelles or structures so essential for parasite survival.
What do we know? Trager et al. (18) , using electron microscopy, described Maurer's clefts as narrow clefts scattered through the cytoplasm of the infected cell bounded on each side by a double membrane. Today it is accepted that clefts are only bordered by a single membrane and that these double membranes, when seen by transmission electron microscopy (TEM), represent whorls of the PVM, referred to as the tubulovesicular network (19) (20) (21) (22) (23) (24) ). Maurer's clefts are membrane-limited vacuoles or sack-like structures in the cytosol of the erythrocyte, formed early after invasion by the parasite, visible as blue dots in Giemsa-stained blood smears. The clefts appear as flattened or circular structures with an electron-dense coat and lumen, the latter appearing electron-lucent after fixation (25) (26) (27) , and are believed to originate from the PVM (28) (29) (30) . There are various descriptions of morphology, size, number, and position in the host cell (21, 26, (31) (32) (33) (34) (35) but the simplest representation of a Maurer's cleft is a single, disk-shaped cistern of about 500-nm width. New observations from early stages indicate initial globular structures that only in later stages acquire a flattened feature (34, 35) . Forms have also been described as an extended network bridging the distance from the PVM to the erythrocyte membrane (21, 31, 32, 36) . There is also strain diversity observed in laboratory strains, such as in 3D7, which produces mostly single slender, slit-like lamella, whereas multiple lamellae were observed resembling stacks of Golgi in D10, Dd2, HB3, NF54, and FCQ-27 ( Fig. 1) (21, 32, 37) . Whether this finding also relates to the number of surface molecules and pathology in field isolates remains to be tested. Maurer's clefts look highly convoluted and interconnected in whole-cell imaging (21) (21) . Fluorescence microscopy of erythrocytes infected with transfectant parasites expressing GFPchimera of resident proteins shows discrete puncta (38) (39) (40) (41) (42) (43) (44) (45) , which cannot be replenished by lateral diffusion (41).
Maurer's Cleft as Sorting Stations
With the identification of the protein export motif Plasmodium export element (PEXEL) (46, 47) , the list of parasite-derived proteins that are exported beyond the boundaries of the parasite has expanded considerably (Table S1
). An increasing number of these proteins localize permanently to Maurer's clefts, whereas proteins destined for the erythrocyte membrane transiently associate with Maurer's clefts. Only a few proteins are known to be trafficked to structures in the host cell without passing through the Maurer's cleft hub. These proteins include MAHRP2 at tether-like structures (48), heat shock protein 40 (HSP40) and HSP70-x in or at J-dots (49, 50) , and some soluble proteins in the cytosol, such as ring exported protein 3 (REX3) (40) . Although most resident proteins are encoded by single-copy genes, such as membrane associated histidine rich protein 1 (MAHRP1) (41) or knob associated histidine rich protein (KAHRP) (38, 51), Maurer's clefts gain their importance as sorting stations of a number of exported protein families. The foremost important exported protein family is PfEMP1, which is found on the surface of the infected cell. This virulence factor is transported via the Maurer's clefts at which it transiently localizes. Other proteins destined to the erythrocyte membrane [such as RIFINs (39, (52) (53) (54) (55) (56) (57) , STEVOR (58-62), PfMC-2TM (60, 63, 64) , FIKK kinase (65) (66) (67) , and probably members of the CLAG family] also pass through the Maurer's clefts on their way to the erythrocyte membrane, again highlighting the tremendous significance of these structures.
Recently, two gene families have been predicted to be exported (68) and to partially reside at Maurer's clefts. The Plasmodium helical interspersed subtelomeric (PHIST) protein family, comprising 71 proteins that carry a characteristic conserved PHIST domain, includes the ring-infected erythrocyte surface antigen (RESA). These PHISTs cluster into three groups based on their length, distribution, and domains, and at least one member was shown to localize to Maurer's clefts (MAL7P1.172) (11) , and others to localize to the erythrocyte membrane [PFI1780w (68) and PFE1605w]. The latter two members seem to directly interact with the ATS domain of PfEMP1 via their PHIST domain (69) . Although abundant proteins, no further function has been ascribed, but even less understood are the 17 annotated HYP families. Recently, a Maurer's clefts localization has been suggested for members of the HYP4 (PfEPF3, P. falciparum exported protein family) and HYP5 (PfEPF3) families (70). Mbengue et al. also showed that the PfEPF1 family lacking an export motif localizes to the clefts (70) . Members of the CLAG family have also been implicated to be transported through Maurer's clefts, but there is a controversy about their final destination and origin (71 Using reconstructed regions from serial continuous sections, Wickert et al. proposed that all membranous structures form a continuous membrane system originating from one or more sites of the PVM (31, 32) . This finding was supported by confocal microscopy using lipid dyes in which dots in the erythrocyte cytoplasm were observed connected by fine threads originating at the parasitophorous vacuole (19, (72) (73) (74) . In contrast, GFP-tagged Maurer's clefts resident proteins were found only in a punctuate manner at Maurer's clefts, indicating distinct, independent structures. In the case of a continuous network, fluorescent signal would have been observed throughout the network (38) (39) (40) (41) (42) (43) (44) (45) , but in photo-bleaching experiments no lateral diffusion of Maurer's clefts resident proteins or lipids (41, 44, 75, 76) was observed. In contrast, the erythrocyte membrane showed a fast recovery after photo-bleaching when BODIPYceramide was used (44) . Hence, we must conclude that there is no diffusion between Maurer's clefts or between the clefts and the erythrocyte membrane or the PVM; there is no lipid continuum between these compartments. It is also known that the tubulovesicular network contains exclusive markers not found at Maurer's clefts (44, 77, 78) . Using structured illumination microscopy, Hanssen et al. visualized the complex exomembrane system of the entire infected cell and also could not find an extended membrane network stretching from the PVM to the surface of the infected cell in trophozoites; additionally, only very mature stages showed highly intertwined but not interconnected networks (36) .
Although fluorescence microscopy offers ease of use and a variety of fluorochromes, its resolution is limited to ∼200 nm; recent advances in 3D structured illumination microscopy (SIM) permit analyses at around 100 nm (79). However, most structures in the infected erythrocyte cytosol are around or smaller than this. Higher resolution must be obtained by electron microscopy. Because electrons are strongly absorbed, only thin sections of 300-400 nm can be observed. Hence, techniques to generate composite whole-cell images have been developed. Nevertheless, the harsh fixation conditions used for electron microscopy can introduce artifacts (80) and the extensive sample preparation needed for electron tomography similarly might disturb the natural distribution of structures, such as vesicles, and thus can produce artifacts (36) .
From where do Maurer's clefts originate? The genesis of Maurer's clefts has only vaguely been described. Live fluorescence microscopy of GFP-tagged Maurer's cleft proteins indicated budding from the PVM (41). Maurer's clefts membranes are equally susceptible to saponin, as is the PVM (40), but are less susceptible to Streptolysin O compared with the PVM, which argues against a continuous network (40). It is also unclear if Maurer's clefts resident proteins are loaded into the clefts because they are formed at the PVM, or if there is continuous transport of cargo to already existing Maurer's clefts. Recent live-imaging studies demonstrated that some proteins arrived at Maurer's clefts after these had been formed (45, 81 ).
Maurer's clefts are formed very early and REX1 can be detected already at 2-4 h postinvasion (hpi) in characteristic punctuate staining. Other Maurer's clefts resident proteins, skeleton binding protein 1 (SBP1) and MAHRP1, appear somewhat later at 4-6 hpi (45, 81) , and at 6 hpi all three proteins are detected in most of the Maurer's clefts (45) . All clefts seem to be formed at the early ring stage because no new clefts were observed after invasion (81) and the number of clefts remained constant as early as 8 hpi (45) 45) . Taken together, these data indicate a constant flow of cargo from the parasite to the Maurer's clefts, the means by which, however, remains elusive. Although Maurer's clefts are formed very early after invasion, they occur as highly mobile structures (41, 45, 81) . Live imaging over the 48-h life cycle using REX2-GFPexpressing parasites revealed a movement of Maurer's clefts over three phases. Clefts move rapidly in young stages and become fixed before the parasite develops into the trophozoites stage at around 22 hpi (45, 81) . This arrest is not a limitation of space because clefts stop moving before the parasite grows rapidly, indicating the completion of host cell modification (81) . In the third phase, the spatial arrangement of clefts collapses shortly before merozoites egress, suggesting an active process of host cell modification disassembly. Contemporaneously with the arrest in cleft mobility, PfEMP1 appears on the erythrocyte surface (81) .
The sudden cessation of Maurer's cleft movement requires an active fixation or anchoring process. For a long time, it has been known that Maurer's clefts are attached to the erythrocyte membrane (82) (83) (84) and it was postulated that proteinaceous tethers possibly connect the Maurer's clefts to the erythrocyte membrane (24, 83) . During recent years, evidence of stalk-like extensions connecting Maurer's clefts to the erythrocyte membrane or sometimes to the PVM has been gathered through TEM and SIM (21, 36, 48, 85) . These tethers are tubular, cylindrical structures with an electron-dense lumen of about 200-300 nm in length and a diameter of around 30 nm. Using antibodies, only SBP1 as known Maurer's cleft protein could be detected to some extent, but to date only MAHRP2 was found to localize specifically to these tether structures (48) (45) . The temporal and physical behavior, as well as close proximity of tethers and Maurer's clefts, suggests an involvement of tethers in the immobilization event. Adversely, Kilian et al. proposed a different model, in which the morphological change of Maurer's clefts from an initial globular to the well-known diskshaped structure of late stages negatively affects the ability to move by Brownian motion (35) . Cyrklaff et al. observed an extended network of long, sometimes branched actin-like filaments that connected the Maurer's clefts with the knobs but did not detect tether-like structures by cryo-electron microscopy (34) . The authors suggested a highly dynamic turnover of actin filaments along which vesicles might be transported from Maurer's clefts to the erythrocyte membrane (34) . The authors further postulate that actin filaments are needed to keep the morphology of Maurer's clefts (34, 35) . When parasites were treated with the actin depolymerizing agent cytochalasin D, the filaments were destroyed and Maurer's clefts were aberrantly depicted. Cytochalasin D treatment was not sufficient to completely prevent arrest of Maurer's cleft movement, indicating that actin filaments do not play a crucial role in this process (35) . It remains to be determined whether the immobilization of Maurer's clefts really is an active process mediated by MAHRP2 tethering or if it is a passive process based on structural changes of the clefts.
Proteins Reach Maurer's Clefts via a Complex Transport Pathway
Although much evidence has been compiled that Maurer's clefts are important hubs for protein distribution and trafficking, and essential for parasite survival, we only now begin to understand how protein trafficking beyond the PVM works. All proteins exported to the host cell cytoplasm must cross the parasite plasma membrane and the PVM. Proteins localizing to Maurer's clefts or the erythrocyte membrane must even cross a third membrane, a complexity in protein transport not comparable to any other organism, and a unique situation for which no molecular concepts exist that could be used as conceptual basis. In addition, the host cell gives no hand to any protein translocation or transport.
A large number of proteins exported to the host cytosol possess an amino acid motif close to the N terminus, called PEXEL (46) or vacuolar transport signal (47) , with a hydrophobic domain about 20 amino acids upstream of the motif that mediates co-or posttranslational insertion into the endoplasmic reticulum (ER) for soluble and transmembrane proteins. The identification of this motif allowed the prediction of the P. falciparum exportome with 463 proteins, including protein families (8) carrying this motif. That amount represents nearly 10% of all genes present in P. falciparum (46, 47, 68, 86) . Upon export the PEXEL motif is processed in the ER by plasmepsin V (87, 88), with a subsequent N-terminal acetylation (89, 90) , and possibly involving binding of phosphatidylyinositol-3-phosphate [PI(3)P] to the PEXEL (91) . Export into the parasitophorous vacuole is via vesicular traffic, but how proteins destined for the host cytosol are sorted beyond the plasma membrane remains speculative (89, 92, 93) . Whether proteins are chaperoned or transported in vesicles to discrete regions in the PVM where translocation takes place remains to be shown. Specific sites in the PVM where translocation takes place have been seen as a necklace of beads, with several GFP-tagged exported proteins (38, 41, 42, 45) . De Koning-Ward et al. identified this Plasmodium translocation complex (PTEX) comprising an ATPase (HSP101), a predicted pore forming protein (EXP2), and the potential regulators TRX2, PTEX150, and PTEX88 (94) . It was already shown in 1996 that the translocation across the PVM was ATPdependent (95) and that proteins must unfold (96) . The presence of a P. falciparum translocon for exported proteins (PTEX) has been observed at discrete foci in the PVM (97), but its evolutionary origin is unclear and might explain why PEXEL-containing proteins are unique to Plasmodium.
Not only PEXEL motif-carrying proteins were found to be exported; there is a growing body of evidence for non-PEXEL-carrying proteins to be exported to the host cytosol, which includes proteins that do not even contain a recognizable N-terminal ER-targeting signal peptide (92, 93, (98) (99) (100) (101) . This group of proteins includes some wellcharacterized proteins known to be located to the Maurer's clefts, including Maurer's clefts resident proteins MAHRP1, SBP1, REX1, and REX2 (40, 43, 83, 102, 103) , as well as the tether protein MAHRP2 (48). Heiber et al. recently based their prediction on rather general criteria and demonstrated that, most likely, many more PEXEL-negative proteins exist with various hydrophobic domains (104) . It has been suggested that all these proteins enter the classic secretory pathway (41-43, 48, 105) , and lately several research groups tried to identify sequence requirements for export, yet no common motif or perceptible sequence has been identified. A transmembrane domain or a signal peptide seems to be essential, most likely for entering the ER and the secretory pathway (41, 43, 48, 106 ). Unfolding appears to be equally required for PEXELpositive proteins, suggesting similar mode of translocation across the PVM (104, 107) . Interestingly, processed N termini of PEXELpositive proteins promote the export of a reporter gene, like unprocessed N termini of PEXEL-negative proteins (107) . An open question is whether these proteins are guided through the same or totally distinct translocon.
A major piece in this puzzle of transport is the appearance of the virulence factor PfEMP1 on the surface of the host cell, which coincides with the immobilization of Maurer's clefts. It has now been speculated that PfEMP1 is transported in vesicles to the surface once Maurer's clefts have attached to the erythrocyte membrane. Indeed, Cyrklaff et al. (34) observed vesicles apparently moving along the actin filaments from the Maurer's clefts to the erythrocyte surface. However, adding to the enigma of Maurer's clefts it is unclear how these proteins reach the clefts. Previously, a vesicle-based transport was assumed when components, such as PfSec31, PfSar1p, and PfSec23c were found to be exported to Maurer's clefts (108-110), which could not be confirmed by transfection (111) . Therefore, it was hypothesized that proteins are loaded into nascent clefts (40, 41, 112, 113) before they bud off. However, recently it was clearly shown that proteins arrive at already existing Maurer's clefts, and thus cannot be transported by diffusion (45, 81) . Additionaly, there is no known vesicular transport to the Maurer's clefts because none of the vesicles observed could be labeled with antibodies against any Maurer's clefts protein (21, 36) . Whether these proteins travel via a nontypical vesicular transport or as soluble chaperoned protein complexes (76, 81, 114) remains to be shown, and recently described J-dots carrying parasitederived HSP40 and HSP70 proteins might play a role in this process (49, 50) .
To complicate matters, a number of vesicular structures in the host cell cytosol have been described by electron microscopy (21,  23, 24, 31, 34, 36, 37, 45, 115-118 ) and, furthermore, in electron tomograms vesicles smaller than conventional transport vesicles lacking an obvious coat have also been observed budding from Maurer's clefts (21) and in close proximity to the erythrocyte membrane (31). Trelka et al. showed strings of vesicles (116) , and those associated with Maurer's clefts had a diameter of about 25 nm (21, 24, 31, 36) , but a few larger vesicles of about 80 nm in diameter with an electrondense coat around a lumen of approximately 25 nm were also found in trophozoiteinfected erythrocytes and were called electron-dense vesicles (36, 45, 116) . These vesicles share morphological features with the knob complex, but are both present in knob-carrying and knobless infected erythrocytes (36) . They can be heavily labeled with antibodies against PfEMP1 and seem to fuse occasionally with the erythrocyte membrane (36, 45) . Whether these vesicles resemble the recently shown exosomes (see below) remains to be shown (119, 120) .
Very recently, cell-cell communication through exosome-like vesicles promoting sexual differentiation and also involving Maurer's clefts has been described for the first time (119, 120) . It was shown that parasites were able to pass transfected plasmid DNA onto other parasite cells, irrespective of cell-cell contact. Inhibition of actin polymerization and depolymerization suggested that these functions are necessary. Vesicles of ∼70-nm diameter were observed to be released into the culture supernatant, a size analogous to mammalian exosomes or of the electron-dense vesicles observed underneath the erythrocyte membrane. A Maurer's clefts protein previously shown to be essential for PfEMP1 surface translocation (MAL7P1.172/PfPTP2, PfEMP1 trafficking protein) is required for proper cell-cell communication. PfPTP2 belongs to the family of exported proteins comprising a PHIST domain, and it might have an essential function in budding and release of the exosome-like vesicles. PfPTP2 localized to membranous structures budding from Maurer's clefts shown by immuno-electron microscopy, suggesting that exosome-like vesicles derive from Maurer's clefts rather than from the erythrocyte membrane. Mantel et al. analyzed the proteome of microvesicles and found Maurer's clefts resident proteins to be enriched (120) . The authors show that these vesicles are released before egress, which coincides with the disappearance of Maurer's clefts (81) . In contrast, RegevRudzki et al. showed that optimal plasmid transfer occurred between ring-stage parasites (119); it remains to be shown whether these microvesicles are the same, and even more so what their biological function would be. Mantel et al. observed internalization of microvesicles that stimulated conversion to sexual parasites and speculated that released microvesicles could regulate gametocyte production on a population level (120) .
Gene-Deletion Studies Indicate Functions of Maurer's Clefts
Why does the parasite invest such an enormous amount of protein synthesis and newly evolved translocation machinery just to export some membranous structures and less than a handful surface proteins? The function of the Maurer's clefts remains to a certain degree in the dark. Gene-deletion technology made it more possible to study the function of specific genes. First, knock out experiments eliminating the Maurer's clefts proteins MAHRP1 or SBP1 surprisingly revealed that PfEMP1 is not exported to the surface of the infected erythrocyte anymore (41, 121, 122) . This finding was the first proof that Maurer's clefts have a function as an intermediate compartment in transport or sorting of proteins, at least for those destined for the erythrocyte membrane. Erythrocytes infected with parasites lacking MAHRP1 showed widened and fragmented clefts by electron microscopy that indicated a stabilizing role for MAHRP1 (123) . Deletions of REX1 and truncation mutants showed a stacked Maurer's clefts phenotype similar to parasites of the D10 strain, which has a naturally occurring deletion of parts of chromosome 9, including all of the REXencoding genes (44) . In that case, PfEMP1 was retained at Maurer's clefts (124) . When proteins were deleted that are part of the knob complex in the erythrocyte membrane, such as PfEMP3, a reduced cytoadherence phenotype was observed with a reduction of PfEMP1 (125) . In the case of KAHRP knockout, PfEMP1 was correctly trafficked to the surface but showed a significantly reduced cytoadherence under flow conditions, probably because of the lack of cytoskeleton anchoring (126) .
After the identification of the PEXEL motif, Maier et al. conducted a large-scale gene-knockout approach of PEXEL-carrying proteins (11) . The authors attempted to knock out ∼80 genes and the phenotypical read-out was cytoadherence, membrane rigidity, and the presence of knobs. Four knockout clones resulted in no or very reduced levels of PfEMP1 on the erythrocyte surface (PFB0106c, MAL7P1.172, PF13_0076, and PF14_0758), reduced surface expression of PfEMP1 was shown for two clones (MAL7P1.171, PF10_0025), and in one clone (MAL7P1.172) reduced levels of PfEMP1 were observed. An increase in host cell membrane rigidity was seen with four clones (PFB0920w, PF10_0159, PF13_0073, PF14_ 0758), whereas eight clones showed a reduced rigidity (PFA0110w, MAL7P1.171, PF10_ 0025, PFD0225w, PFD1160w, PFE0065w, MAL8P1.154, PF14_0018). Furthermore, the PFD1170c knockout clone lacked knobs because KAHRP was only transported to Maurer's clefts, leading to reduced cytoadherence. Knockout clone PF10_0381 showed only rudimentary knobs, which were significantly smaller and less protrusive. This study reflects the difficulties in determining direct functions of any exported protein because of no or slightly modified phenotypes only (Table 1 ). This finding is again exemplified in knockout experiments of a member of the recently described Maurer's cleft protein family PfEPF1, which resulted in a 50-60% reduction of reinvasion (70) . It appeared that only a small number of merozoites could be released and that most were trapped within the disintegrating erythrocyte membrane. The authors speculated that this effect was because of modifications of the mechanical properties of the erythrocyte membrane (70) , once again failing to describe conclusively the functional interaction of the protein.
How Can We Shed Light into the Darkness of the Maurer's Clefts?
During the last decade much knowledge has been accumulated on proteins and structures exported to the erythrocyte cytosol during the intraerythrocytic stage of P. falciparum (Fig. 2) . However, we still know very little on the function of individual proteins or of structures like Maurer's clefts or vesicles. The inability to knock out essential genes prevents this route of studying, and conditional knockout strategies are yet not working routinely, except for the FK506 binding protein (FKBP)-mediated protein-destabilizing system (127) . Even when successful, knockout or knockdown parasites have been generated, often no obvious phenotype of the genetically modified parasite can be observed. To overcome this, we need to close this gap and identify broader read-out measures to monitor the effect of perturbations of this export system. Currently, it is standard to test the altered distribution of PfEMP1 and accessory molecules, cytoadherence properties, membrane rigidity, and nutrient up-take (Table  1) . Some studies looked at growth rates and others on the capacity to form gametocytes (Table 1) . In many cases, no discernible alteration could be observed, suggesting either a surprisingly large redundancy of proteins or other yet to be discovered functions. Admittedly, with no animal model at hand, all alterations tested occur only in culture and requirements in culture may well be lower than in the natural human host.
What is needed to understand the function of this exportome? We and others have started to routinely compare the transcriptome of parasites upon knocking down genes with the transcriptome of unaltered isogenic parasites to observe other modifications of this system. However, there is an urgent need to use systems biological approaches and to look into quantitative proteomics upon genetic modifications. To do so, we need to master much better fractionation techniques and need to use other approaches to solubilize membraneembedded or -associated proteins. Once these technical problems have been solved, it should be possible to compare various proteomes of parasites having any of these exported genes knocked out or down. With network analyses, bioinformatic approaches, and refined imaging technologies, it should then be possible to establish the interaction network of these exported proteins and thus understand their function in the host cell.
After all, we are interested in understanding these functions because it might be the hidden Achilles' heel. If it were possible to interfere with this export system, the parasite might not be able to acquire nutrients, might not be able to evade the immune system through antigenic variation and sequestration, and probably would be eliminated in a human infection instantly. Therefore, it is somewhat surprising that very little has been invested in research to find specific inhibitors for this exported network.
Besides these important medical implications, the study of the Maurer's clefts addresses a fundamental question in Apicomplexan biology, which is the interplay of parasite and host. Have parasites evolved a new protein distribution system? Do the Maurer's clefts represent secondary Golgi apparatuses? Is there a new way of vesicular transport? And, is there even a new cell-cell communication system via vesicular export? For certain, parasites would not invest so heavily into this machinery if there were not a tremendous need and advantage.
Finally, there are other Plasmodia, and as yet exported and Maurer's cleft proteins of P. falciparum have not been systematically compared with Schüffner's dots and exported proteins in P. vivax. There are a number of exported proteins in P. falciparum that have homologous proteins in P. vivax, but there are also a many proteins for which no homologous protein exist. Again, a systematic comparative approach could shed some light on the function of these proteins. As Rejewski (128) cracked the Enigma code in 1939, we should be able to use our biological reasoning to crack the secrets of this deadly parasite and to relieve the human population of the risk of malaria.
